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Abstract: Microcrystalline Tyrosine (MCT®) is a widely used proprietary depot excipient in specific
immunotherapy for allergy. In the current study we assessed the potential of MCT to serve as
an adjuvant in the development of a vaccine against malaria. To this end, we formulated the
circumsporozoite protein (CSP) of P. vivax in MCT and compared the induced immune responses
to CSP formulated in PBS or Alum. Both MCT and Alum strongly increased immunogenicity
of CSP compared to PBS in both C57BL/6 and BALB/c mice. Challenge studies in mice using
a chimeric P. bergei expressing CSP of P. vivax demonstrated clinically improved symptoms of malaria
with CSP formulated in both MCT and Alum; protection was, however, more pronounced if CSP
was formulated in MCT. Hence, MCT may be an attractive biodegradable adjuvant useful for the
development of novel prophylactic vaccines.
Keywords: vaccine; malaria; adjuvant; MCT
1. Introduction
Aluminum hydroxide (Alum) is the most widely used adjuvant in vaccinology, in particular
for prophylactic vaccines [1,2]. Despite its widespread use, Alum has several drawbacks such as
persistence at injection site due to the non-biodegradable nature [3–5]. An additional disadvantage of
Alum is the stimulation of so-called T-helper type 2 (Th2) as opposed to Th1 immune responses, leading
to induction of poorly protective IgG subclasses [6]. There is therefore a need for the development of
novel safe and efficacious adjuvants for future vaccines.
Microcrystalline Tyrosine (MCT) was originally developed for use in allergen-specific
immunotherapy (SIT) for the treatment of allergy. MCT has been used as a depot for a number
of years with indications of its safe use and ability to enhance immune responses [7–9]. The proprietary
platform exhibits distinct physicochemical properties, distinct mode of adsorption with antigens
and an established stability profile, generates robust and sustained IgG antibodies titers with
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no unusual propensity to stimulate IgE. Its biodegradable nature results in total clearance at
injection site (mitigating risk of granuloma formations)—while delivering a sustained release
of antigens for prolonged immune exposure and, unlike alum, it is fully metabolized within
the body [8,9]. The adjuvant mechanism of MCT is subject to ongoing studies, and has been
reported to induce significant Th1 cytokine profiles and activation of specific signaling pathways [9].
Moreover, it offers a compatible platform for the adsorption of a wide range of antigens and other
immunomodulators to function as part of an adjuvant systems approach [7]. MCT is used in
combination with Monophosphoryl Lipid A (MPL®) exclusively in allergy immunotherapy that offers
shorter course therapy compared to conventional approaches, the observed immunological synergy
and physicochemical compatibility in combining MCT with this Th1 adjuvant has been previously
reported [9,10]. Since MCT exhibits the advantage of biodegradability over Alum, we wanted to
explore its potential in non-allergy indications, and its applicability in infectious diseases, such as
malaria as a suitable alternative biodegradable platform that could be translated across a broader
vaccine scope.
Despite a continuous and enormous effort to control malaria, the number of malaria episodes
worldwide remains alarming [11–14]. The most recent WHO estimates (released in December 2015)
indicate the occurrence of 214 million cases of malaria in 2015, leading to 438,000 deaths worldwide [14].
The intensity of malaria transmission is related to several factors, such as parasite (species),
vector (species, lifespan and preferred target for biting), and the environment (climate, related to
the number and survival of mosquitoes) [15,16]. The immune response of the human host is also an
important factor for a successful transmission. In general, partial immunity may arise over time upon
multiple infections, reducing the risk of having a severe malaria infection but not ensuring full immune
protection [17]. Hence, strong efforts are being made for the production of effective prophylactic
vaccines [18–21].
The malaria parasite life cycle in humans begins with the bite of the female Anopheles mosquito,
inoculating infective sporozoites into the blood stream [22]. The parasite quickly migrates to the
liver, where hepatocytes are infected. Sporozoites express the circumsporozoite protein (CSP) on their
surface, which bind to receptors on hepatocytes, allowing cellular infection. CSP is therefore the most
pursued target for antibody-based vaccines against the parasite’s liver stage. The regionally approved
and most advanced vaccine candidate against malaria is the vaccine RTS,S/AS01 which is in clinical
development at Phase 3, based on the P. falciparum CSP. A large number of studies have shown that the
immunization with RTS,S vaccine induces strong and protective antibodies anti-CSP and CD4+ T-cells
responses. However, RTS,S does not induce significant CD8+ T-cell immune responses [23–25]
In the current study, we assessed the ability of MCT to enhance protective immune responses
against a CSP based P. vivax vaccine. MCT enhanced specific IgG responses and protection in
a recombinant P. vivax/P. bergei model was more pronounced than protection induced by CSP
formulated in Alum, correlating with the induction of more protective IgG subclasses.
2. Material and Methods
2.1. Procedures Involving Animals
All animals and procedures were used in accordance with the terms of the United Kingdom Home
Office and under regulation of The Animals (Scientific Procedure) Act 1986. The Project License was
approved by the University of Oxford Animal Care and Ethical Review Committee (PPL 30/2947).
The mice were housed in ventilated cages, under specific pathogen free conditions, constant temperature,
humidity and with a 12:12 light-dark cycle. For induction of short-term anesthesia, mice were anesthetized
using vaporized IsoFlo. All animals were humanely sacrificed at the end of each experiment by an
approved Schedule 1 method (cervical dislocation).
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2.2. Construction and Expression of rPvCSP-c
The construction of the chimeric (rPvCSP-c) protein comprised the clone DNA sequence in
open reading frame of the central repeats from VK247 (GenBank P08677) and VK210 (GenBank
M69059.1) isoforms, between N and C terminal regions from Salvador 1 strain of P. vivax (GenBank
5472322) [26] into pHLsec mammalian expression vector [27]. The chimeric vivax sequence was under
the expression control of chicken β-actin/rabbit β-globin hybrid promoter. The pHLsec vector contains
a signal sequence for secretion of the protein fused with a C-terminal 6× His-tag. The Endotoxin-Free
Plasmid Giga Kit (Qiagen, Manchester, UK) was used to purify recombinant plasmid DNA from
E. coli DH5α strain. The recombinant plasmid (pHLsec + VK247-VK210) was transfected into HEK
293T (ATCC CRL-11268) cells to express the chimeric protein PvCSP 210-247. For that, HEK 293T
cells were cultured in Roller Bottles (2125 cm2) for 72 h (on reaching 90% confluence) at 37 ◦C, using
Dulbecco’s Modified Eagle’s Medium (DMEM High glucose, Sigma, Gillingham, UK) supplemented
with L-glutamine, non-essential amino-acids (Invitrogen, Leicestershire, UK) and 10% Fetal Bovine
Serum (FBS, Invitrogen). After that, half a milligram of purified plasmid DNA was transfected using
3.6 mL of polyethylenimine (1 mg·mL−1) (DNA:PEI complexes) in serum-free DMEM. The HEK 293T
cells transfected were cultured for 7 days to express/secret the P. vivax CSP protein and the supernatant
was used to purify protein.
2.3. Purification of rPvCSP-c
The CSP 210-247 chimeric protein was purified from HEK 293T cells’ supernatant with Ni
Sepharose excel using an immobilized metal ion affinity chromatography (IMAC) medium (resin)
pre-charged with nickel ions as described earlier [26,28]. The conditioned media was filtered through
a 0.45 µm membrane (Merck Millipore, Darmstadt, Germany). IMAC purification was performed using
a wash step with 5 column volumes (CV) of distilled water (flow velocity: 100 cm/h), equilibration
step with 5 CV of equilibration buffer (20 mM sodium phosphate, 0.5 M NaCl, pH 7.4/flow velocity:
150 cm/h), load sample step (flow velocity: 150 cm/h), wash step with 20 CV of wash buffer (20 mM
sodium phosphate, 0.5 M NaCl, 20 mM imidazole, pH 7.4/flow velocity: 150 cm/h), linear elution
step with 2 CV of 7% elution buffer (20 mM sodium phosphate, 0.5 M NaCl, 500 mM imidazole,
pH 7.4/flow velocity: 150 cm/h) and 2 CV of 70% elution buffer (flow velocity: 150 cm/h). Elution
samples after IMAC purification were submitted to 12.5% SDS-PAGE under reducing conditions and
proteins were visualized with Silver stain and Western blot analyses using the monoclonal antibody
(MRA-1028K sporozoite ELISA kit, Thermo Fisher Scientific, Loughborough, UK) anti-VK 210 and -VK
247. The positive samples were selected to concentrate using Amicon® ultra centrifugal filters system
(Life technologies, Warrington, UK) until 10 mL of final volume. The concentration of the recovery
sample was tested with Bradford protein assay and the purity with Silver and Coomassie staining.
Contaminating proteins were removed with size exclusion purification (SEC). For that, the Superdex
200 SEC medium (GE) was used in the column. We used 10 CV of PBS (10 mM phosphate buffer,
140 mM sodium chloride, pH 7.4) in the equilibration step. The sample was eluted isocratically from
a SEC column, using a PBS buffer and the flow rate in the both steps was 0.5 mL/min. The ÄKTA
purifier was using for IMAC and SEC process.
2.4. Vaccine Formulation Using MCT and Aluminum Hydroxide Adjuvant (Alum) as Adjuvant Plus
rPvCSP-c Protein
The MCT vaccine preparation was based on the Allergy Therapeutics (Worthing, UK) Ltd
experience for allergen-formulation. For that, a target concentration of 2% (20 mg/mL) of MCT was
attained through diluted with PBS and mixed to the antigen (rPvCSP-c) in PBS buffer. The injection
was administered intramuscularly immediately after the vaccine formulation.
For the Alum vaccine preparation, it was according to the manufacturer’s specifications
(InvivoGen, San Diego, CA, USA). Briefly, the Alum (10 µg of Al3+ per dose) was mixed with 20 mM
TRIS buffer (pH 7.0–7.5) and left at room temperature (RT) for 15 min, subsequently added rPvCSP-c
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protein to the corresponding eppendorf tubes containing Alum + TRIS buffer and vortexed gently for
five seconds. After that, the vaccine was incubated at RT for one hour and vaccinated intramuscularly
as soon as possible within the same day.
To assess the protein adsorption to adjuvant, the vaccine (either CSP/2%MCT and
CSP/Alhydrogel) was centrifuged at 3000 rpm for 10 min and protein content of non-adsorbed adjuvant
in supernatant was determined using Bradford method with standard protein concentration range
10 µg/mL–500 µg/mL using spectrophotometer at wavelength ratio of absorbance 590 nm/470 nm.
Amount of CSP adsorbed on the adjuvants was determined by deducting amount of CSP detected in
supernatant from total protein (CSP at 150 µg/mL in Tris buffer).
2.5. First Experimental Design to Test the Immunogenic Capacity of MCT for Malaria Vaccine Development
Using rPvCSP-c as Antigen
In order to assess the capacity of MCT humoral immunity in vaccine development for P. vivax
malaria, a schedule of vaccination was designed that consisted 2 vaccinations with 2 different doses of
proteins chimeric CSP 210-247 (5 µg each dose) formulated in MCT at 2% (20 mg/mL), prime (day 0)
and boost (day 14). As control, a group of mice was immunized with CSP 210-247 protein diluted in
sterile PBS without adjuvant and another group with PBS. Six mice per group age-matched 6 weeks-old
female inbred C57BL/6 strain were vaccinated intramuscularly with 50 µL dose of each vaccine.
2.6. Assessment of Antibody Production (IgG total) of C57BL/6 Mice Vaccinated with rPvCSP-c with or
without Adjuvant (MCT)
The humoral immune response was analyzed by ELISA (Enzyme-Linked Immunosorbent Assay).
A 96-well micro titer ELISA plates (Thermo Fisher Scientific, Loughborough, UK) were coated with
100 µL per well at 1µg/mL of CSP 210-247 diluted in carbonate buffer (CBB) 50 mM at pH = 9.6 and
incubated overnight at 4 ◦C. To avoid non-specific binding, the wells were filled with 200 µL of blocking
solution (5% Skim Milk Powder (Sigma-Aldrich, Gillingham, UK) in PBS with 0.05% tween 20) at RT
for 2 h, then flick-washed 3× with PBS 0.05% tween. The samples (sera) were then add (50 µL per well)
in triplicate, diluted 1:100 in PBS 0.5% skimmed milk, then incubated at RT for 2 h, washed 3× with
PBS 0.05% tween, and 50 µL applied per well of detecting antibody (Ab), goat anti-mouse IgG diluted
1:2000 (Secondary Antibody, HRP conjugate (ThermoFisher, Loughborough, UK)), and incubated for
1 h at RT. For detection of IgG subclasses, subclass specific secondary antibodies were used diluted
1:1000 (Goat anti-mouse IgG1, IgG2a, IgG2b, IgG3, HRP coupled, Life Technologies). Then, 70 µL/well
of TMB substrate (Sigma-Aldrich) was added and incubated at RT for 15 min, the reaction was stopped
with 0.5 M H2SO4 (70 µL/well) and the plate read using microplate reader at 450 nm.
2.7. Vaccination Schedules Using rPvCSP-c Conjugated with MCT and Comparing it with
Aluminum Hydroxide
After testing the immunogenic capacity of MCT as adjuvant for vaccine P. vivax malaria
development, an experiment was subsequently designed (Figure 3) using BALB/c mice instead
of C57BL/6 strain, in order to assess the immunological capability of MCT to different species of
mice. Besides that, as we intended to challenge the mice with parasite, a higher concentration of
protein (7.5 µg) formulated using 3 vaccinations with MCT at 2% (20 mg/mL), prime (day 0), first
boost (day 14) and second boost (day 28). In this new experiment, Alum was included in parallel,
as previously described. As negative control, mice were immunized with CSP 210-247 protein diluted
in sterile PBS without adjuvant and in the other group only PBS. Six mice per group age-matched
6-weeks-old female inbred BALB/c were vaccinated intramuscularly with 50 µL dose of each vaccine.
2.8. Isolation of Parasites and Challenge
P. bergei replacement expressing P. vivax CSP 210-247 was used to challenge the mice. As previously
detailed [26], this parasite was previously tested and exhibited high efficacy to infect Balb/c mice,
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which was confirmed in this study. Moreover, the parasite is constructed in a very similar way to
the chimeric parasite P. bergei replacement expressing P. vivax TRAP [29]. At the insectary of the
Jenner Institute, female Anopheles stephensi mosquitoes were fed on infected Tuck-ordinary (TO)
inbred mice. Briefly, exflagellation was first confirmed, and mosquitoes were exposed to anesthetized
infected mice for 15 min. The mosquitoes were then maintained for 21 days in a humidified incubator
at a temperature of 19 to 21 ◦C on a 12-h day-night cycle and fed with a fructose-p-aminobenzoic acid
(PABA) solution. At 21 days, salivary glands were dissected from mosquitoes into Schneider’s media
(Pan Biotech, Aidenbach, Germany) and sporozoites gently liberated using a glass homogenizer.
Sporozoites were then diluted to the required concentration for 1000 parasites in 100 µL and
intravenously injected into the tail vein of the mouse. Two independent challenge experiments
with six female BALB/c mice per arm were performed.
2.9. Statistical Modeling to Predict Parasitaemia
Percent parasitaemia was used to calculate the time required to reach a blood-stage infection
of 1% or time to 1% parasitaemia. This was predicted using a linear regression model as described
previously [26,28,30,31]. Briefly, blood parasite counts were obtained for 6 consecutive days starting
on day 4 after the challenge. Blood smears were stained with Giemsa and percentages of parasitaemia
calculated in all animals. The logarithm to base 10 of the calculated percentage of parasitaemia was
plotted against the time after challenge and Prism 5 for Mac OS X (GraphPad Software, La Jolla, CA,
USA) statistical analysis package used for generating a linear regression model on the linear part of
the blood-stage growth curve.
2.10. Statistical Analysis
For all statistical analyses, GraphPad Prism version 5.0 for Max OS was used unless
indicated otherwise. Prior to statistical analysis to compare two or more populations,
the Kolmogorov–Smirnov test for normality was used to determine whether the values followed
a Gaussian distribution. An unpaired t-test was employed to compare two normally distributed
groups, whereas Mann–Whitney rank test was used for comparing two non-parametric groups.
If more than two groups were present non-parametric data was compared using Kruskal–Wallis test
with Dunn’s multiple comparison post-test, whereas normally distributed data were analyzed by one-way
ANOVA with Bonferroni’s multiple comparison post-test. The effect of two variables was explored using
two-way ANOVA with Bonferroni’s multiple comparison post-test. Correlation strength was tested using
either Pearson’s or Spearman’s tests as indicated in the results chapters. Kaplan–Meier survival curves
were used to represent protective efficacy to a challenge with any P. berghei parasite lines. All ELISA titers
were also log10 transformed before analysis. The value of p < 0.05 was considered statistically significant
(* p < 0.05, ** p < 0.01, ** p < 0.001 and *** p < 0.001).
3. Results and Discussion
3.1. Production and Characterization of Purified Recombinant rPvCSP-c and Vaccine Formulation
HEK 293 T cells were transfected with a plasmid encoding HIS-tagged CSP 210-247 protein,
which is consisting of the central repeats the VK247 and VK210 variats. The chimeric protein was
purified from HEK 293T cell supernatant with a Ni-column and samples were analyzed by 12.5%
SDS-PAGE under reducing conditions and proteins were visualized using Silver stain (Figure 1A).
Protein identity in purified samples was confirmed using CSP210- and CSP247-specific monoclonal
antibodies (Figure 1B,C). As expected, the chimeric CSP protein had a molecular weight of about
55 kDa as estimated by comparison with known molecular weight standards (M.W.). After protein
identification (Figure 1), the contaminating proteins were removed by SEC, and the purified protein
was concentrated to be used for vaccine formulation and immunoassays. The CSP is an antigen
considered to be extremely abundant on the parasite surface which allows the cellular infection
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by sporozoites. Moreover, CSP is highly immunogenic and one of the most studied epitope of
Plasmodium. Particularly in P. vivax the VK247 and VK210 variants are present woodwind and are
highly conserved [32] which make the use of a chimeric protein joining these two variations extremely
attractive for vaccine development.
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5 μg CSP + 2% MCT or only CSP two times, prime (day 0) and boost (day 14); and blood was taken 
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(whole IgG) increased from day 7 to day 28 in both group. Titers were statistically significantly 
different between the groups on days 21 and 28. 
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VK 247 (C).
3.2. Humoral Immune Response in C57BL/6 Mice Induced by rPvCSP-c Formulated in MCT
The CSP antigen was formulated with MCT at a concentration of 2% that is routinely used in
commercial allergy vaccines. Groups of C57/BL/6 mice were immunized with CSP either formulated
in MCT or PBS and specific IgG responses were assessed by ELISA. MCT enhanced IgG responses after
the first boost (day 21) and responses remained higher for the remainder of the experiment (Figure 2).
Differences between antibody levels on day 21 and day 28 were statistically significant (p = 0.0006 on day
21 and p = 0.0001 on day 28). This result prompted us to study the adjuvant capacity of MCT in more
detail and compare it to Alum.
Vaccines 2017, 5, 32 6 of 12 
 
 
Figure 1. Images of rPvCSPc in silver staining (A) and Western blot (B,C). Elution samples after IMAC 
purification were submitted to 12.5% SDS-PAGE under reducing conditions and proteins were 
visualized with Silver stain (A). Lane I: Input of sample. E1 to E3 elution fractions were selected for 
SEC purification and tested with Western blot analyses using monoclonal antibodies for VK 210 (B) 
and VK 247 (C). 
3.2. Humoral Immune Response in C57BL/6 Mice Induced by rPvCSP-c Formulated in MCT 
The CSP antigen was formulated with MCT at a concentration of 2% that is routinely used in 
c mmercial allergy va cines. Groups of C57/BL/6 mic  were immunized with CSP either formulated 
in MCT or PBS and specific IgG responses were assessed by ELISA. MCT enhanced IgG responses 
after the first boost (day 21) and responses remained higher for the remainder of the experiment 
(Figure 2). Differences between antibody levels on day 21 and day 28 were statistically significant (p 
= 0.0006 on day 21 and p = 0.0001 on day 28). This result prompted us to study the adjuvant capacity 
of MCT in more detail and compare it to Alum. 
 
Figure 2. Mouse whole IgG ELISA against chimeric CSP 210-247. C57BL/6 mice were immunized with 
5 μg CSP + 2% MCT or only CSP two times, prime (day 0) and boost (day 14); and blood was taken 
weekly from day 0 (before the prime) until day 28, two weeks after the boost. Antibodies production 
(whole IgG) increased from day 7 to day 28 in both group. Titers were statistically significantly 
different between the groups on days 21 and 28. 
  
Figure 2. Mouse whole IgG ELISA against chimeric CSP 210-247. C57BL/6 mice were immunized with
5 µg CSP + 2% MCT or only CSP two times, prime (day 0) and boost (day 14); and blood was taken
weekly from day 0 (before the prime) until day 28, two weeks after the boo . Antibodies production
(whole IgG) i cr as d from day 7 to day 8 i both group. Titers were statistically significantly different
between the groups on days 21 and 28.
Vaccines 2017, 5, 32 7 of 12
3.3. Humoral Immune Response of BALB/c Mice Vaccinated with rPvCSP-c Formulated in MCT, Alum or
without Adjuvant
In a next set of experiments, we compared the adjuvants properties of MCT with the classical
adjuvant Alum. Figure 3 outlines the immunization schedule. To assess whether our findings in
C57BL/6 mice hold true for other mouse strains, we used BALB/c mice for immunization.
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Figure 4. ELISA results of total IgG against CSP 210-247. Groups of mice were immunized as shown
in Figure 3. Group 1 was vaccinated with only CSP without adjuvant, group 2 received CSP +
MCT adjuvant and group 3 CSP + Alum (aluminum hydroxide). Six BALB/c mice per group were
vaccinated intramuscularly with 7.5 µg of each vaccine and bleed weekly. The results were analyzed
using GraphPad Prism software applied to assess the means of groups by Tukey’s Multiple Comparison
Test of one-way ANOVA. *** p value < 0.0001; ** p value < 0.001; * p value < 0.01.
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Anti-CSP IgG is the most important goal of a CSP-based vaccines, because CSP-specific antibodies
have been associated and used to predict vaccinate efficacy for a long time. Indeed most studies
have shown that the main focus of vaccine development using CSP is based on antibody production,
for example, the approved vaccine candidate against malaria, RTS,S/AS01 [23–25]. The RTS,S vaccines
induces robust and protective antibodies against CSP but not CD8+ T-cells responses seem to be
induced. Moreover, the level of IgG as well as the quality and subclasses of the antibodies are
particularly important, because the sporozoites circulate for a short time only after a mosquito bite.
For these reasons, we determined IgG subclasses induced by vaccination one week after the
second boost (Figure 5). CSP alone and CSP in Alum induced IgG responses strongly dominated
by IgG1. In contrast, MCT-formulated CSP also induced a strong IgG1 response but IgG subclasses
were more balanced as IgG2a and IgG2b were markedly higher compared to the other two vaccine
formulations. Most protective IgG subclasses against sporozoite infection are IgG2a and IgG2b
in mouse [30]. Both these subclasses have been found mostly in the CSP/MCT group. Antibody
subclasses induced by vaccination may also be used to identify the type of T helper cells that have
been generated; in the case of MCT, it is Th1, which is associated with malaria protection. Indeed,
MCT’s ability to induce Th1 cells and Th1 cytokine profiles as well as activation of specific signaling
pathways has previously been reported [9,31].
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Figure 5. Assessment of relevant subclasses of IgG antibodies (IgG1, IgG2a, IgG2b). Mice were
immunized as described in Figures 3 and 4 and subclass specific IgG responses were determined on day
35. The results were analyzed using GraphPad Prism software applied to compare the means of groups
by Tukey’s Multiple Comparison Test of one-way ANOVA. *** p value < 0.0001; ** p value < 0.001; *
p value < 0.01.
3.4. Protective Capacity of Vaccines Subsequent to Challenge with Recombinant P. berghei Expressing CSP of
P. vivax
In contrast to P. berghei, P. vivax does not infect mice and challenge experiments therefore cannot
be performed using P. vivax itself. To bypass this problem, we used recombinant P. berghei sporozoites
expressing CSP of P. vivax (described in detail elsewhere [26]). Briefly, the endogenous PbCSP gene of
the transgenic P. berghei was irreversible replaced with its ortholog from P. vivax, which possibilities
the test of vaccine which target CSP of P. vivax. This new transgenic P. berghei was fully tested for
infection capacity and was found not to diminish the parasite’s ability to replicate within mosquitoes
and vertebrate host. The ability to infect the liver was also investigated and it showed a similarly
capacity as wild-type sporozoites to cause parasitemia.
To test the potency of the different CSP-formulations, age-matched 6-weeks-old female BALB/c
mice were vaccinated (a total of twelve mice per group in 2 independent experiments) and challenged
intravenously with 1000 recombinant Plasmodium sporozoites. MCT/rPvCSP-c induced protection
that was statistically significantly better than protection by the vaccine formulated in Alum (Figure 6).
To better understand the development of parasitemia, we also plotted frequency of infected red blood
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cells for each time point of each group (Figure 7). The group vaccinated with PBS (Naïve) and the one
vaccinated with protein only did not survive more than 7 days after challenge. The Naïve group had
only one mouse that survived until day 7, while the CSP group had 2; all other mice reached 1% or
more before day 7. Within the groups immunized with protein + adjuvant, only the group vaccinated
with CSP + MCT had mice that survived until Day 9 after challenge and protection was significantly
better compared to the Alum group (p < 0.02).
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Figure 6. Survival curve and comparative analysis of challenge with P. berghei expressing CSP of
P. vivax. Mice were immunized as described in Figure 3 and challenged on day 42. (A) Kaplan Meyer
curve for the time until mice have more than 1% of the erythrocytes infected. (B) Number of days until
mice have more than 1% of erythrocytes infected. MCT + CSP induced significantly better protection
than the group vaccinated with CSP formulated in Alum (p = 0.0148). Moreover, CSP formulated in
MCT induced highly significant protection compared to control mice(p = 0.0001). The data represent
pooled results of 2 independent experiments (6 mice per group in each experiment), and were analyzed
using GraphPad Prism software applied to assess the means of groups by Tukey’s Multiple Comparison
Test of one-way ANOVA. *** p value < 0.0001; ** p value < 0.001; * p value < 0.01.
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Several possibilities may exist to explain why MCT groups conferred better protection efficacy.
It is known that CSP-specific IgG2a/IgG2b antibodies are more relevant at protecting against challenge
infection [33]. As CSP in MCT induced higher levels of specific IgG2a/IgG2b than CSP in Alum,
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the difference in subclasses induced may be a good candidate for the improved protection induced by
CSP in MCT. In addition, the notion that MCT may preserve the native structure of CSP better than
Alum, resulting in the induction of more protective antibodies, remains an additional possibility as
Alum has been reported to partly denature influenza hemagglutinin [6,34]. The predominant mode
of antigen adsorption between MCT and alum is distinct and has been characterized elsewhere [7,9].
We are currently exploring this notion of integrity using a variety of in vivo and in vitro assays.
4. Conclusions
MCT is one of the few depot adjuvants formulations used in licensed vaccines for use in humans
but not been tested in many infectious disease models. Here we demonstrate that MCT is able to
produce robust IgG responses, with significant protective efficacy against the sporozoite of P. vivax
conferred. These results may suggest that MCT could be used more broadly in prophylactic vaccine
development and may be able to serve as an alternative biodegradable platform to the more commonly
used Alum.
Acknowledgments: We would like thank The Swiss National Science Foundation (Grant 31003A_149925 awarded
to MFB); Allergy Therapeutics Company (R43086/CN001 to G.C.M and M.F.B) and Wellcome Trust career
development fellowship No. 097395/Z/11/Z to ARS are acknowledged for the financial support. CNPq
(Conselho Nacional de Desenvolvimento Científico e Tecnológico) Brazil’s Science Without Borders program
is acknowledged for the post-doctoral scholarship (Process Number: 200455/2014-1; Modality: Pós-doutorado
no Exterior—PDE).Chimeric parasites design was developed with the support of a Wellcome Trust Career
Development Fellowship to Arturo Reyes-Sandoval mentioned above. ARS and MFB are Jenner Investigators.
Chris J. Janse and Shahid M. Khan from Leiden Malaria Research Group, Department of Parasitology, Center
of Infectious Diseases, Leiden University Medical Center, (LUMC, L4-Q), Albinusdreef 2, 2333 ZA Leiden,
The Netherlands group and Reyes-Sandoval group are acknowledged for contribution of the parasites used for
the challenge.
Author Contributions: G.C.-M. has performed most experiments, data analysis and wrote the paper; A.C.G.,
M.O.M. contributed to the protein purification, assisting with vaccination and sampling; A.M.S. generated the
recombinant plasmid (pHLsec + VK247-VK210) and contributed to the parasite generation; E.M.-D. provided
technical support and advice in the protein synthesis and purification; E.A. has contributed to the challenge
experiment using P. berghei CSP replacement; M.A.S., M.D.H. and M.F.K. made contributions to the knowledge and
all support regarding the use of MCT adjuvants; A.R.-S. contributed with advice and methodology for the protein
design and synthesis, as well as chimeric parasite development; M.F.B. supervised all experiments regarding the
vaccine development and contributed to the writing and revision of the paper.
Conflicts of Interest: M.D.H., M.A.S., M.F.K., G.C.M. are all employees of Allergy Therapeutics Plc or paid by
a grant awarded by Allergy Thrapeutics Plc. M.F.B. is involved with different companies developing vaccines
including Allergy Thrapeutics Plc. There are no other conflicts of interest.
Ethical Conduct of Research
The authors state that they have obtained appropriate institutional review board approval
or have followed the principles outlined in the Declaration of Helsinki for all human or animal
experimental investigations.
References
1. Garçon, N.; Leroux-Roels, G.; Wen-Fang, C. Vaccine adjuvants. In Understanding Modern Vaccines: Perspectives
in Vaccinology; Garçon, N., Stern, P.L., Cunningham, A.L., Eds.; Elsevier: London, UK, 2011; Volume 1,
pp. 89–113.
2. Kramer, M.F.; Heath, M.D. Aluminium in allergen-specific subcutaneous immunotherapy—A German perspective.
Vaccine 2014, 32, 4140–4148. [CrossRef] [PubMed]
3. Bergfors, E.; Trollfors, B.; Inerot, A. Unexpectedly high incidence of persistent itching nodules and delayed
hypersensitivity to aluminium in children after the use of adsorbed vaccines from a single manufacturer.
Vaccine 2003, 22, 64–69. [CrossRef]
4. Exley, C. Aluminium adjuvants and adverse events in sub-cutaneous allergy immunotherapy. Allergy Asthma
Clin. Immunol. 2014, 10, 1–5. [CrossRef] [PubMed]
Vaccines 2017, 5, 32 11 of 12
5. Gherardi, R.K.; Eidi, H.; Crépeaux, G.; Authier, F.J.; Cadusseau, J. Biopersistence and brain translocation of
aluminum adjuvants of vaccines. Front. Neurol. 2015, 6, 1–8. [CrossRef] [PubMed]
6. Tleugabulova, D.; Falcón, V.; Pentón, E. Evidence for the denaturation of recombinant hepatitis B surface
antigen on aluminium hydroxide gel. J. Chromatogr. B Biomed. Sci. Appl. 1998, 720, 153–163. [CrossRef]
7. Bell, A.J.; Heath, M.D.; Hewings, S.J.; Skinner, M.A. The adsorption of allergoids and
3-O-desacyl-4′-monophosphoryl lipid A (MPL®) to microcrystalline tyrosine (MCT) in formulations for use
in allergy immunotherapy. J. Inorg. Biochem. 2015, 152, 147–153. [CrossRef] [PubMed]
8. McDougall, S.A.; Heath, M.D.; Kramer, M.F.; Skinner, M.A. Analysis of aluminium in rat following
administration of allergen immunotherapy using either aluminium or microcrystalline-tyrosine-based
adjuvants. Bioanalysis 2016, 8, 547–556. [CrossRef] [PubMed]
9. Klimek, L.; Schmidt-Weber, C.B.; Kramer, M.F.; Skinner, M.A.; Heath, M.D. Clinical use of adjuvants in
allergen-immunotherapy. Expert Rev. Clin. Immunol. 2017, 13, 599–610. [CrossRef] [PubMed]
10. Wheeler, A.W.; Marshall, J.S.; Ulrich, J.T. A Th1-inducing adjuvant, MPL, enhances antibody profiles in
experimental animals suggesting it has the potential to improve the efficacy of allergy vaccines. Int. Arch.
Allergy Immunol. 2001, 126, 135–139. [CrossRef] [PubMed]
11. Garner, P.; Gelband, H.; Graves, P.; Jones, K.; Maclehose, H.; Olliaro, P. Systematic Reviews in Malaria: Global
Policies Need Global Reviews. Infect. Dis. Clin. N. Am. 2009, 23, 387–404. [CrossRef] [PubMed]
12. Gething, P.W.; Elyazar, I.R.; Moyes, C.L.; Smith, D.L.; Battle, K.E.; Guerra, C.A.; Patil, A.P.; Tatem, A.J.;
Howes, R.E.; Myers, M.F.; et al. A long neglected world malaria map: Plasmodium vivax endemicity in 2010.
PLoS Negl. Trop. Dis. 2012. [CrossRef] [PubMed]
13. Mandal, S. Epidemiological aspects of vivax and falciparum malaria: Global spectrum. Asian Pac. J. Trop. Dis.
2014, 4, S13–S26. [CrossRef]
14. WHO. Malaria. Available online: http://www.who.int/mediacentre/factsheets/fs094/en/ (accessed on
1 December 2015).
15. Stresman, G.H. Beyond temperature and precipitation: Ecological risk factors that modify malaria
transmission. Acta Trop. 2010, 116, 167–172. [CrossRef] [PubMed]
16. Sutcliffe, C.G.; Kobayashi, T.; Hamapumbu, H.; Shields, T.; Kamanga, A.; Mharakurwa, S.; Thuma, P.E.;
Glass, G.; Moss, W.J. Changing individual-level risk factors for malaria with declining transmission in
southern Zambia: A cross-sectional study. Malar. J. 2011, 10, 324–333. [CrossRef] [PubMed]
17. Mendonça, V.R.; Queiroz, A.T.; Lopes, F.M.; Andrade, B.B.; Barral-Netto, M. Networking the host immune
response in Plasmodium vivax malaria. Malar. J. 2013, 12, 69–78. [CrossRef] [PubMed]
18. Reyes-Sandoval, A.; Bachmann, M.F. Plasmodium vivax malaria vaccines: Why are we where we are?
Hum. Vaccines Immunother. 2013, 12, 2558–2565. [CrossRef] [PubMed]
19. De Barra, E.; Hodgson, S.H.; Ewer, K.J.; Bliss, C.M.; Hennigan, K.; Collins, A.; Berrie, E.; Lawrie, A.M.;
Gilbert, S.C.; Nicosia, A.; et al. A Phase Ia Study to Assess the Safety and Immunogenicity of New Malaria
Vaccine Candidates ChAd63 CS Administered Alone and with MVA CS. PLoS ONE 2014, 9, 115–161.
[CrossRef] [PubMed]
20. Longley, R.J.; Hill, A.V.; Spencer, A.J. Malaria vaccines: Identifying Plasmodium falciparum liver-stage
targets. Front. Microbiol. 2015, 6, 965–972. [CrossRef] [PubMed]
21. Walker, A.S.; Lourenço, J.; Hill, A.V.S.; Gupta, S. Modeling Combinations of Pre-erythrocytic Plasmodium
falciparum Malaria Vaccines. Am. J. Trop. Med. Hyg. 2015, 93, 1254–1259. [CrossRef] [PubMed]
22. Prudêncio, M.; Rodriguez, A.; Mota, M.M. The silent path to thousands of merozoites: The Plasmodium
liver stage. Nat. Rev. Microbiol. 2006, 4, 849–856. [CrossRef] [PubMed]
23. Kazmin, D.; Nakaya, H.I.; Lee, E.K.; Johnson, M.J.; van der Most, R.; van den Berg, R.A.; Ballou, W.R.;
Jongert, E.; Wille-Reece, U.; Ockenhouse, C.; et al. Systems analysis of protective immune responses to RTS,S
malaria vaccination in humans. Proc. Natl. Acad. Sci. USA 2017, 114, 2425–2430. [CrossRef] [PubMed]
24. Radin, K.; Clement, F.; Jongert, E.; Sterckx, Y.G.; Ockenhouse, C.; Regules, J.; Lemiale, F.; Leroux-Roels, G.
A monoclonal antibody-based immunoassay to measure the antibody response against the repeat region of
the circumsporozoite protein of Plasmodium falciparum. Malar. J. 2016, 15, 543. [CrossRef] [PubMed]
25. Agnandji, S.T.; Fendel, R.; Mestré, M.; Janssens, M.; Vekemans, J.; Held, J.; Gnansounou, F.; Haertle, S.;
von Glasenapp, I.; Oyakhirome, S.; et al. Induction of Plasmodium falciparum-specific CD4+ T cells and
memory B cells in Gabonese children vaccinated with RTS,S/AS01(E) and RTS,S/AS02(D). PLoS ONE 2011,
6, e18559. [CrossRef] [PubMed]
Vaccines 2017, 5, 32 12 of 12
26. Salman, A.M.; Montoya-Díaz, E.; West, H.; Lall, A.; Atcheson, E.; Lopez-Camacho, C.; Ramesar, J.; Bauza, K.;
Collins, K.; Reis, F.; et al. Rational development of a highly protective P. vivax vaccine evaluated using
transgenic rodent parasite challenge models. Sci. Rep. 2017, 7, 46482. [CrossRef] [PubMed]
27. Aricescu, A.R.; Lu, W.; Jones, E.Y. A time-and cost-efficient system for high-level protein production in
mammalian cells. Acta Crytallogr. Sect. D 2006, 62, 1243–1250. [CrossRef] [PubMed]
28. Longley, R.J.; Reyes-Sandoval, A.; Montoya-Díaz, E.; Dunachie, S.; Kumpitak, C.; Nguitragool, W.; Mueller, I.;
Sattabongkot, J. Acquisition and Longevity of Antibodies to Plasmodium vivax Preerythrocytic Antigens in
Western Thailand. Clin. Vaccine Immunol. 2015, 23, 117–124. [CrossRef] [PubMed]
29. Bauza, K.; Malinauskas, T.; Pfander, C.; Anar, B.; Jones, E.Y.; Billker, O.; Hill, A.V.; Reyes-Sandoval, A.
Efficacy of a Plasmodium vivax Malaria Vaccine Using ChAd63 and Modified Vaccinia Ankara Expressing
Thrombospondin-Related Anonymous Protein as Assessed with Transgenic Plasmodium berghei Parasites.
Infect. Immun. 2014, 82, 1277–1286. [CrossRef] [PubMed]
30. Reyes-Sandoval, A.; Wyllie, D.H.; Bauza, K.; Milicic, A.; Forbes, E.K.; Rollier, C.S.; Hill, A.V. CD8+ T effector
memory cells protect against liver-stage malaria. J. Immunol. 2011, 187, 1347–1357. [CrossRef] [PubMed]
31. Cabral-Miranda, G.; Heath, M.D.; Mohsen, M.O.; Gomes, A.C.; Engeroff, P.; Flaxman, A.; Leoratti, F.M.S.;
El-Turabi, A.; Reyes-Sandoval, A.; Skinner, M.A.; et al. Virus-Like Particle (VLP) Plus Microcrystalline
Tyrosine (MCT) Adjuvants Enhance Vaccine Efficacy Improving T and B Cell Immunogenicity and Protection
against Plasmodium berghei/vivax. Vaccines 2017. [CrossRef] [PubMed]
32. De Ribeiro, B.P.; Cassiano, G.C.; de Souza, R.M.; Cysne, D.N.; Grisotto, M.A.G.; de Azevedo dos, A.P.S.;
Marinho, C.R.; Machado, R.L.; Nascimento, F.R. Polymorphisms in Plasmodium vivax Circumsporozoite
Protein (CSP) Influence Parasite Burden and Cytokine Balance in a Pre-Amazon Endemic Area from Brazil.
PLoS Negl. Trop. Dis. 2016, 10, e0004479. [CrossRef] [PubMed]
33. De Souza, J.B. Protective immunity against malaria after vaccination. Parasite Immunol. 2014, 36, 131–139.
[CrossRef] [PubMed]
34. Jegerlehner, A.; Zabel, F.; Langer, A.; Dietmeier, K.; Jennings, G.T.; Saudan, P.; Bachmann, M.F. Bacterially
Produced Recombinant Influenza Vaccines Based on Virus-Like Particles. PLoS ONE 2013, 8, e78947.
[CrossRef] [PubMed]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
